ethaMphetaMine abuse is an epidemic health problem involving an estimated 25 million users globally. 44 Young people who abuse methamphetamine have higher morbidity and mortality rates than their peers 39 and may suffer significant long-term cardiovascular disease, psychosis, and cognitive and motor impairments that mimic those observed in Parkinson's disease. 21 This excess mortality, along with health care expenses, law enforcement costs, property loss, and reduced productivity, contribute to the considerable economic burden of methamphetamine abuse and dependence, which is approximately $23 billion per year in the US.
pendence, 10 and rates of recidivism are extremely high. 6 There is thus a substantial need to elucidate the underlying environmental and neurobiological factors that contribute to methamphetamine dependence and to develop novel therapeutic strategies.
To establish a neurosurgical treatment for methamphetamine dependence, candidate brain locations must be identified that regulate methamphetamine intake and seeking in an animal model. Methamphetamine is a psychostimulant that crosses the blood-brain barrier easily, producing an intense and prolonged euphoria due to an acute increase in synaptic monoamines, including dopamine, serotonin, and norepinephrine. 12 As with most drugs of abuse, methamphetamine's mechanisms produce acute reinforcing actions at least partially through the mesocorticolimbic system, which includes dopaminergic projections from the ventral tegmental area (VTA) to the nucleus accumbens (Acb), medial prefrontal cortex (PFC), and amygdala. 13, 35, 38, 45, 52 Specifically, the medioventral subterritory of the Acb, or the Acb "shell" (AcbSh), is one critical region for the self-administration of psychostimulants 31, 48, 55 and shows compromised function after withdrawal from chronic methamphetamine. 7, 35 There is compelling, albeit limited, preclinical evidence that the Acb can be locally altered with medication or stimulation to attenuate relapse to psychostimulants. Context-induced, and cocaine-priming-induced, reinstatement of cocaine-seeking behavior has been reduced by intra-Acb infusions of g-aminobutyric acid (GABA) agonists 19 and of a D 1 -receptor (D 1R ) antagonist, 2 respectively, when these therapies were administered just prior to exposure to the drug use environment. Similarly, contextand drug-induced reinstatement of methamphetamine seeking has been prevented by intraaccumbens infusions of GABA agonists. 49 Optogenetic stimulation of the Acb has recently been used to decrease cocaine self-administration, 5 cocaine priming-and cue-induced cocaine seeking, 54 and cocaine context-associated memory. 62 More clinically relevant, deep brain stimulation (DBS) of the bilateral accumbens has been shown to decrease cocaine priming-and cue-induced reinstatement of cocaine seeking, 58, 59 although the effects on cue-induced seeking were not drug specific and also affected relapse to sucrose. 24 To our knowledge, there have been no preclinical studies regarding Acb DBS for methamphetamine abuse. This lack of studies may be a by-product of the implicit difficulty in translating research findings into human therapy. Methamphetamine abusers may have psychiatric comorbidities, decline in cognitive function (temporary or permanent), poor psychosocial support, significant infection risk factors (e.g., intravenous [IV] drug use, poor hygiene), and noncompliance; 10, 41 these are all factors that would currently rule out the use of an indwelling DBS device in common clinical practice. One weakness of some existing preclinical studies examining cocaine is the imitation of the classic but impractical DBS paradigm. Multiple studies have examined DBS effects when the therapy is delivered continuously during psychostimulant self-administration in the drug use environment. 24, 58, 59 A noninvasive neuromodulatory therapy that is delivered remotely from the drug use setting while still maintaining efficacy would be ideal for psychostimulant abusers. While the development and implementation of such an ideal treatment is a seemingly unattainable goal, recent human case reports suggest that transcranial magnetic stimulation (TMS), a type of noninvasive brain stimulation delivered in 5-10 15-minute clinic visits, may decrease cocaine craving as well as cocaine use in the short term. 20, 56 Although clearly an area deserving of further study, reverse translation is difficult because technical limitations and anatomy prevent the use of TMS in awake, behaving rodents. 15 Nonetheless, the first step toward preclinical development of novel neuromodulatory therapies is to demonstrate that noncontinuous repeated brain stimulation using implanted intracranial electrodes in rodents can affect drug-related behaviors that occur in a different environment and at a different time than that of the stimulation. Augmenting the preexisting, albeit limited, data on cocaine, 18, 26, 36 this study describes the effects of noncontinuous repeated brain stimulation of the AcbSh on the acute self-administration of IV methamphetamine and on remote methamphetamine seeking.
Methods
For clarity, an overview of the experimental timeline is shown in Fig. 1 .
Animals
Experimentally naïve adult male Wistar rats weighing 300-350 g were used in the present study. The rats were single-housed on arrival at the lab and were maintained on a 12-hour reverse light-dark cycle (lights off at 6:00 aM). The rats were maintained at 85%-90% of their free-feeding body weights and weighed daily, Monday through Friday, to minimize any fluctuations. Prior experience in our lab has shown that rats more readily self-administer psychomotor stimulants when maintained within this weight range and maintain healthier, longer lives compared with rats allowed to feed ad libitum. Water was freely available throughout the experiment, except for periods during which the animals were in the test chambers. The rats used in this study were maintained in facilities fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. All research protocols were approved by the Institutional Animal Care and Use Committee and were in accordance with guidelines of the Institutional Care and Use Committee of the National Institute on Drug Abuse, NIH, and the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) .
Implantation of Jugular Catheters
Anesthesia for all rats having the IV catheter procedure consisted of pentobarbital (20-50 mg/kg, intraperitoneally) with methyl atropine nitrate pretreatment (10 mg/kg, intraperitoneally). Each rat was then implanted with a chronic indwelling jugular catheter. The catheter (0.012 inches inner diameter × 0.025 inches outer diameter, silicone tubing) was inserted into the right posterior facial vein and pushed down into the jugular vein until it terminated outside the right atrium. The catheter was anchored to the vein and continued subcutaneously to the back where it exited just posterior to the scapulae through a Marlex mesh/dental acrylic/22-gauge guide cannula (Plastic Products) assembly that was implanted under the skin for attachment of a leash. The patency of the catheters was tested at least once each week. If blood could be obtained via the catheter, then it was judged to be patent. If not, then the rat was injected via the catheter with methohexital sodium (1.5 mg, IV). An immediate light anesthesia indicated that the catheter was functional. If a catheter became blocked, reimplantation was attempted, and if unsuccessful, the rat was removed from the study.
Implantation of Intracranial Electrodes
Once animals recovered from IV catheter implantation (approximately 1 week), each rat underwent isoflurane induction of general anesthesia followed by stereotactic implantation of bilateral twisted electrode pairs (platinum microwires in Teflon, inner diameters 0.125 mm each, Plastics One, Inc.) into the AcbSh (+ 1.8 mm anterior from bregma, ± 2.4 mm from the midline, and 8.5-mm ventral, 10° angle). Each electrode terminated in 2 female sockets, which were connected to a dual-channel electrode pedestal and fixed into place with cranioplastic material (OrthoJet, Lang Dental Manufacturing Co.) layered over 4 stainless steel screws fastened to the skull. Protective caps were placed over the head of the electrode pedestals to prevent infections or the formation of obstructions and remained in place except during testing. After surgery, the rats remained individually housed and were allowed to recover for approximately 4-5 days before testing was initiated.
Operant IV Methamphetamine Self-Administration
Standard plastic and stainless-steel operant conditioning chambers contained within sound-attenuating enclosures (Med-Associates, Inc.) were used to run the behavioral experiments. Each experimental chamber was equipped with 2 response levers mounted on 1 wall of the chamber with a stimulus light located above each lever. One was the "active" lever that resulted in drug delivery from an external infusion syringe-pump, while the other was the "inactive" lever. The enclosures contained an exhaust fan that supplied ventilation and white noise to mask extraneous sounds. An IBM-compatible personal computer and interface system was used to program the procedures and collect the experimental data. A stainless-steel spring leash (Plastic Products) was attached to the guide cannula assembly on the rodent's back and to a leakproof fluid swivel suspended above the chamber during experimental sessions. Methamphetamine was obtained from the National Institute on Drug Abuse. The drug was delivered intravenously to the animals as an infusion of 0.05 mg/kg/infusion in 100 ml of 0.9% NaCl delivered over 2.8 seconds.
Rats were trained to respond under a fixed ratio of one (FR1) schedule of methamphetamine self-administration, meaning that the rats received 1 methamphetamine reward for each active lever press. During an active session, a stimulus light located directly above the "active" response lever was illuminated to indicate the availability of drug. Depression of the active lever resulted in drug infusion followed by concurrent darkening of the stimulus light for a 30-second timeout. A cue house light was briefly activated for 5 seconds during the drug infusion phase. This cue served as a secondary, or conditioned, reinforcer. This was followed by a brief timeout period after infusion, during which responses on the active lever were counted but had no scheduled consequences. Depressions of the "inactive" lever were also recorded but had no scheduled consequences.
The rats were not acclimated to the operant chamber before commencement of the experiment and did not receive any prior operant training. Rats learned spontaneously to press the lever for an IV infusion of methamphetamine in daily 6-hour sessions during the first week of exposure. This phase of escalating responding was defined as the "acquisition" of operant drug self-administration. Previous experiments indicated that this initial prolonged and "easy" access results in the majority of rodents acquiring significant drug-taking behavior in less than 1 week. 3 During the 2nd and 3rd weeks of training, rats underwent 2-hour daily sessions at approximately the same time Monday through Friday, again on an FR1 schedule of reinforcement culminating in the rats developing a baseline intake termed "maintenance." Maintenance was operationally defined as stable, intense responding for which the total number of methamphetamine infusions across each session varied less than approximately 10% for 3 consecutive sessions and the cumulative number of infusions across the 1st 30 minutes was greater than, or equal to, the cumulative number of infusions during the 2nd 30 minutes. This criterion ensured that the rats developed a drug-loading pattern that indicated addictive behavior 1 and not simply casual use by the time treatment was initiated. 3 Once maintenance had been established, rats were counterbalanced based on total baseline 2-hour IV methamphetamine infusions and divided in 2 groups, active stimulation (DBS) and sham stimulation (sham).
Deep Brain Stimulation
DBS and sham therapy were conducted in a distinct environment from that of operant drug self-administration. The rodent DBS system consisted of 8 Plexiglas boxes (12 × 18 × 18 inches [width × height × depth]). Each chamber was equipped with an electrical swivel, or commutator (Plastics One), embedded in a panel that fit over the top of the testing boxes. Commutators facilitated the electrical connection between the rodent head cap and the stimulation system via 2 animal-proof stainless steel 2-channel cables, which attached proximally to each implanted electrode pedestal and distally to the electrical swivel (Plastics One) to allow free movement within the cage. A customized stimulation system (Tucker Davis Technologies) that maintained constant current stimulation throughout the therapy sessions was used. Prior to each DBS session, the electrochemical impedance of the electrode was measured to ensure proper functioning of the system and adequate current delivery. Prior to active therapy, rats underwent 1 or 2 mock DBS sessions in which they were placed in the DBS boxes and tethered to the DBS system via head cables in the absence of active therapy. This session was conducted to eliminate nonspecific behavioral effects and to allow habituation to the new environment. Following the mock testing, active or sham stimulation was administered to each rat for 3 hours a day. At the end of the 3-hour stimulation session, rats were immediately transferred into the operant chambers for a 2-hour methamphetamine selfadministration session to determine DBS effects on acute drug intake. The stimulus parameters were based on prior work: 59, 63 biphasic, rectangular pulses with no interphasic delay; pulse frequency 130 Hz; pulse width 60 msec; and current intensity of 200 mA. Rats received 5 consecutive days of active or sham stimulation.
Examination of Methamphetamine Seeking
In early studies of conditioned learning, Pavlov noted that, after a series of extinction trials sufficient to eliminate responding, a brief period of removal from the testing chamber would reinstate responding. He termed this phenomenon spontaneous recovery and defined it as a recovery of responding, in the absence of the previously trained reward, which is observed after a period of rest after extinction. 50 This Pavlovian spontaneous recovery (PSR) is a measure of context-and cue-induced drug seeking and serves as one possible surrogate for drug craving and relapse. 27, 50 After the 5 days of DBS or sham therapy, rats continued 2-hour daily operant training to reestablish stable baseline responding on an FR1 schedule for IV methamphetamine. Rats then underwent extinction training, also on an FR1 schedule, during which depression of the active lever resulted in no scheduled methamphetamine delivery, but presentation of the stimulus light and cue light occurred the same as before. Rats underwent 2-hour daily operant extinction sessions until responding levels were less than 20% of baseline. Once the criterion was met for extinction, rats were placed in the home cage environment for 14 consecutive days with no access to methamphetamine, the operant chambers, or associated cues. Rats were weighed and handled daily during abstinence.
On the 15th day of abstinence, rats underwent PSR testing as a measure of methamphetamine seeking. Rats were placed in the operant chambers and the stimulus light above the active lever was illuminated. Depression of the active lever resulted in the presentation of the usual conditioned cues (e.g., activation of the house cue light for 5 seconds followed by darkening of the stimulus light for 30 seconds in the chamber) but did not result in any IV methamphetamine delivery. Depression of the inactive lever resulted in no scheduled consequences. Rats underwent a single 2-hour PSR session.
Food Self-Administration
A separate cohort of rats was likewise trained to selfadminister palatable food pellets on a "fixed ratio of 4" schedule during which 4 lever presses resulted in the presentation of a food reward. The increased work requirement was used given the known high response rate for food pellets noted previously in prior experiments. All the methods described above were the same except that in place of IV methamphetamine infusion, rats received a food pellet and were not tethered to an IV leash. After stable food responding was achieved, rats followed the DBS protocol as described.
Histological and Data Analysis
At the termination of the experiment, rats were anesthetized using pentobarbital, and an anodal current of 50 mA was passed through the brain for 120 seconds to burn the location of the tip of each electrode. Immediately after lesioning, rats were decapitated. The brains were removed en bloc and stored at -20°C. Subsequently, the frozen brains were equilibrated at 15°C in a cryostat microtome and sliced into 40-mm sections (Fig. 2 ). Slices were then examined for verification of the DBS site by using the rat brain atlas of Paxinos et al. 47 Only those rats in which accurate placement of electrodes was confirmed were included in the final data analysis. Analyses for the maintenance of operant data consisted of a mixed ANOVA, with a between-subject variable of treatment group and a repeated measure of IV methamphetamine infusions per day. Data analysis for PSR consisted of t-tests to compare baseline IV methamphetamine intake to number of infusions during the drug-seeking session. The p value of significance was set at ≤ 0.05 for all analyses.
Results

Between-Group Analysis
Both DBS (n = 10) and sham (n = 8) groups had similar baseline levels of methamphetamine infusions, with the average number of active responses resulting in approximately 88 methamphetamine infusions over a 2-hour session (Fig. 3 "Base") . The overall analysis indicated that there was a significant treatment group × day interaction (F(6,96) = 2.22; p = 0.047). Deconstructing the interaction term by holding the day constant (examining the effects of treatment group on each individual day) indicated that active DBS of the AcbSh reduced subsequent IV methamphetamine self-administration during the operant sessions on Days 1 (42% decrease; p < 0.05; Fig. 3 ) and 2 (44% decrease; p < 0.05; Fig. 3 ). Posttreatment, rats in both groups returned to baseline levels of responding that were not significantly different between groups (Fig. 3 "Post") .
Within-Group Analysis
One-way ANOVA indicated that there was a main effect of day (F(6,54) = 3.46, p = 0.01) in the DBS group. Tukey post hoc testing indicated that DBS of the AcbSh reduced IV methamphetamine self-administration compared with baseline responding (Fig. 4 "Base") during the operant sessions on Days 2 (40% decrease; p = 0.023; Fig.  4 ) and 5 (38% decrease; p = 0.036; Fig. 4 ) with a trend toward decreasing responding on Day 1 (34% decrease; p = 0.1; Fig. 4) . Posttreatment, rats returned to baseline levels of responding (Fig. 4 "Base, Post"). One-way ANO-VA indicated that there was no difference between baseline responding and any treatment day in the sham group (F(6,42) = 0.83; p = 0.55). Posttreatment levels of responding were similar to baseline responding.
Daily, Intermittent AcbSh DBS and Remote Methamphetamine Seeking
Both DBS (n = 10) and sham (n = 8) rats demonstrated methamphetamine seeking during the PSR test by pressing the active lever for an infusion even in the absence of a tangible IV methamphetamine reward, self-administering a total of 38 and 62 nondrug infusions, respectively. Methamphetamine seeking between treatment groups was not significantly different (2-sample t-test, p = 0.11; Fig. 5) , although there was a mild trend toward the DBS group having a lower infusion rate (38% decrease). Within-group comparisons revealed that rats that had received DBS therapy during maintenance had significantly lower nondrug infusion administration compared with baseline responding during PSR testing (paired t-test, 57% decrease; p < 0.01; Fig. 5 ). Rats that had received sham therapy during maintenance also had lower nondrug infusion administration than baseline during PSR testing but this result did not reach significance (paired t-test, 30% decrease; p = 0.11; Fig. 5 ).
Daily, Intermittent AcbSh DBS and Acute Food SelfAdministration
Two-way repeated measures ANOVA indicated no difference between sham and DBS rats during the 5 treatment days in regard to food pellet self-administration (F(1,40) = 0.43; p = 0.53; Fig. 6 ).
Discussion
This study found that 5 days of intermittent bilateral DBS of the AcbSh reduces acute IV methamphetamine intake and subsequent methamphetamine seeking. This is the first time that DBS therapy temporally and spatially separate from the drug use environment has decreased methamphetamine abuse and relapse in Wistar rats. These suppressive effects were selective for methamphetamine and did not affect the acute self-administration of food. Our findings have positive implications that addiction behaviors may be altered by noncontinuous neuromodulatory therapies delivered repeatedly in a sober environment. Notably, rats that received AcbSh DBS only during the maintenance phase of methamphetamine use demonstrated reduced relapse 4-5 weeks later after a period of detoxification and abstinence. This suggests that DBS of the AcbSh may exert both acute and chronic effects on methamphetamine-related behaviors and may modulate different stages of addiction 32 after a single treatment course.
Pathophysiology of Methamphetamine Abuse
To further understand our results, one must first understand the neurological effects of methamphetamine. Methamphetamine causes dysfunction of the mesocorticolimbic system, including the dopaminergic neurons in the ventral mesencephalon, which project to the Acb, the frontal cortex, and the amygdala to facilitate reward. 13, 35, 38, 45, 52 Methamphetamine's chemical structure is similar to that of monoamines, including dopamine and serotonin, 10, 12 and its acute mechanism of action is 2-fold: 1) methamphetamine binds to transmembrane monoamine reuptake transporters and reverses their function, causing an increase in the release of monoamines into the cytosol and the synapse; and 2) methamphetamine inhibits monoamine oxidase, decreasing the natural breakdown of monoamines with resulting buildup of these compounds in the synapse. 10, 12 These actions occur largely at the synapses of dopamine axonal terminals in the Acb and are responsible for the intense euphoria that addicted patients experience when using methamphetamine. 10, 12 While acute administration of psychostimulants enhances dopaminergic function in the Acb, 13, 38 chronic exposure reduces baseline dopaminergic transmission and stressand drug-induced dopamine responsiveness in the Acb 7, 35 and decreases striatal molecular markers of dopamine availability that can persist long into abstinence. 10, 33, 34, 60 In a selectively bred model of methamphetamine-preferring rats compared with control animals, basal dopamine content in the Acb is significantly decreased, dopamine sensitivity to drug administration is enhanced in the medial PFC, and monoamine receptors/transporters are altered in both regions. 38 Taken together, this evidence suggests that chronic methamphetamine abuse may lead to a widespread disease of decreased dopaminergic tone, which impacts the function of the mesocorticolimbic system in a manner similar to the way Parkinson's disease impacts the nigrostriatal system. Furthermore, methamphetamine may also damage the nigrostriatal pathways, as indicated by the observation of neurocognitive and parkinsonian motor deficits in both animal models 22, 30, 35, 51 and a subset of human abusers. 8, 10, 61 In support of this assertion, a recent study demonstrated that a history of heavy methamphetamine self-administration in rodents causes a progressive degeneration of nigrostriatal projections as well as lateral mesolimbic projections that mimic the neuronal loss noted in Parkinson's disease. 33 In addition to its neurochemical and neurodegenerative effects, psychostimulant abuse may also lead to longlasting alterations in neuronal communication. PFC, glutamatergic, and VTA dopaminergic inputs onto local D 1 / D 2 receptors on Acb medium spiny neurons (MSNs) may play a critical role in psychostimulant consumption and relapse. The Acb is located within the ventral striatum, which like the dorsal striatum, contains D 1R -containing GABAergic MSNs that project directly to the midbrain (e.g., a "direct" pathway) and D 1R -and D 2R -containing GABAergic MSNs that project to the midbrain indirectly via the ventral pallidum and subthalamic nucleus (e.g., an "indirect" pathway). 5, 23 Chronic psychostimulant addiction is likely a disease of dopamine deficiency 7, 35 coupled to altered neuronal plasticity 14, 46 that results in hypoactivity of the indirect Acb-brainstem pathway during the initial/ ongoing maintenance of drug use 5, 37 and hyperactivity of the direct Acb-brainstem pathway in withdrawal after chronic use 5, 14, 46 (Fig. 7) . Although the behavioral roles are far from clear, a hypoactive D 2R MSN indirect pathway may contribute to ongoing compulsive drug intake 5 and enhanced drug memory 62 and a hyperactive D 1 MSN direct pathway may contribute to drug craving and subsequent relapse 11 because a dose of cocaine or methamphetamine temporarily relieves this neuronal overactivity. 29 While we acknowledge that this description of addiction pathophysiology is a gross oversimplification, 53 it nonetheless provides a framework upon which to understand and refine stimulation effects.
Acute Effects of DBS
This study demonstrated an acute decrease in consumption of IV methamphetamine after daily, 3-hour AcbSh high-frequency stimulation (HFS) in the immediate predrug period. Only 1 other study has examined Acb DBS treatment prior to operant self-administration of a psychostimulant, specifically cocaine, and this study did not find a DBS-induced decrease in drug intake. 26 However, this discrepancy could be due to the fact that we delivered DBS for a longer period of time (3 hours vs 30 minutes) and repeatedly for several consecutive days as opposed to a single session. It is also important to note that repeated exposure to cocaine versus amphetamine leads to distinct neurobiological changes in the Acb region 29 so caution is advised in assuming a 1:1 comparison between our study and studies of cocaine. The mechanisms of DBS are far from clear, but preclinical 9, 28, 42, 57 and clinical evidence suggest that the therapeutic effects of DBS in Parkinson's disease 64 and obsessive-compulsive disorder 16 may be partly achieved by increasing dopamine content and upregulating dopamine-related enzymes in the CNS. Given that chronic methamphetamine self-administration may lead to a dopamine deficit at the D 2R MSN during ongoing drug use (Fig. 7) , the acute effects of DBS observed in our study could have been due to short-lived increases in dopamine transmission at these receptors, which may have led to decreased methamphetamine intake.
Admittedly, the DBS effects we observed on IV meth- amphetamine intake did not occur every day, and, when they did occur, reductions were on the order of approximately 40%. If our acute findings were due to a DBS-induced increase in dopaminergic transmission in the AcbSh, then our inconsistent and moderate effect is likely a byproduct of our nonselective method of neuromodulation. Although Acb high-frequency DBS may activate midbrain dopaminergic projection terminals, it also activates local cholinergic and GABAergic interneurons, which serve to attenuate any enhanced terminal dopamine release. This is in contrast to selective optogenetic activation of the midbrain dopamine terminals only, which results in a more potent increase in accumbal dopamine transmission. 43 The presumed mediocre improvement in dopamine transmission in the addicted brain following high-frequency DBS may not have been enough to sustain abstinence from methamphetamine in the long term. In addition, the DBSinduced changes in regional dopamine content that do occur may have far-reaching, and even contradictory, interactions with the multiple, and often opposing, pathways in the ventral striatum, which may explain the inter-and intraindividual variability of treatment responses that are noted not only here but in DBS for psychiatric disease at large.
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Chronic Effects of DBS
Remote effects of maintenance-phase AcbSh DBS were also observed in the form of reduced relapse 4-5 weeks later after a period of extinction and abstinence. Only 2 other studies have demonstrated a similar long-lasting effect of DBS on drug seeking and craving. Levy et al. delivered 30 minutes of PFC DBS to addicted rats every day for 10 days in the home cage directly following operant self-administration of cocaine. After the DBS therapy was stopped, rats exhibited a reduction in cue-induced cocaine seeking as well as in the motivation to obtain cocaine in both the short term (1 day after DBS) and the long term (9 days after DBS). 36 Friedman and colleagues delivered DBS to cocaine-addicted rodents during the first 15 minutes of a 60-minute session in the operant chambers, which acutely decreased cocaine self-administration by more than 50% compared with a sham-stimulated group. DBS was then delivered in the same manner during 6 daily extinction sessions in which cocaine was not available. This paradigm reduced cocaine-and cue-induced reinstatement over the next 5 days even though DBS was not delivered on those days, suggesting a subacute effect of DBS therapy. 18 Important contrasts between these studies and our work include the use of different brain targets, different stimulation parameters (e.g., Levy et al. used both low-frequency stimulation (LFS) and HFS while Friedman et al. used a combined pattern of alternating LFS and HFS), different timing of DBS therapy relative to drug use, different models of relapse, and of course, the use of cocaine versus methamphetamine. In the only other study in which the accumbens was targeted with repeated intermittent DBS, Hamilton et al. found that 30 minutes of daily Acb DBS for the first 14 days of abstinence did reduce cocaine-seeking behavior in the short term (1 day after DBS) but not in the long term (15 days after DBS), 26 suggesting that stimulation effects dissipate over time when DBS is not continuous. This result is in agreement with results obtained by other investigators who noted that in rodents with a history of repeated cocaine exposure, a single session of 60-minute AcbSh HFS decreases cocaine-induced behavioral sensitization evidenced by enhanced locomotor response to cocaine, but this effect wears off by 4-24 hours after DBS.
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Despite the lack of supporting studies for long-term effects of limited-access DBS, there is a theoretical basis upon which to interpret our findings. As previously stated, repeated psychostimulant exposure enhances glutamatergic connections from the medial PFC to the D 1R MSN in the Acb as a type of drug-induced plasticity that manifests during withdrawal 4, 11, 46 (Fig. 6 ). High-frequency AcbSh DBS, when delivered continuously during relapse testing, reduces drug-primed and cue-induced drug seeking in rats addicted to cocaine. 24, 58, 59 This DBS effect is accompanied by increased neuronal activity in the medial PFC and is mimicked by intramedial PFC infusion of GABA agonists, 59 suggesting that therapeutic DBS antidromically activates inhibitory GABA interneurons in the medial PFC, 40 thereby decreasing the excessive glutamatergic input onto D 1R MSNs and interrupting the pathologically enhanced communication (Fig. 6 ). These acute DBS effects can become chronic if, instead of temporarily suppressing excessive excitatory input with traditional HFS, a novel DBS protocol of long-term depression is applied during early withdrawal that actually reverses drug-induced synaptic enhancement. 11 Perhaps, in our study, DBS during the maintenance period of drug use is, a priori, interrupting the initial/ongoing process of long-term potentiation of glutamatergic afferents onto D 1R MSNs via recurrent inhibition of the medial PFC as detailed above. It is exciting to speculate that neuromodulation in humans, even during a period of active drug use, could weaken the long-term potentiation that occurs between acute stimulus and pathological reward, thereby leading to decreased likelihood of relapse in the future.
Weaknesses and Future Directions
One obvious study weakness is that this investigation did not use a known human TMS stimulation protocol or brain target. However, the goal of this feasibility study was to first show that standard rodent DBS in a well-known reward-related target could affect drug behaviors when delivered at a different time and place than that of drug use. Follow-up studies are in progress by our group that address the outstanding issues related to TMS translation. Another weakness of this study is the fact that we failed to consistently decrease responding in the most aggressive methamphetamine responders (personal observation, 2013-2016). Unfortunately, these animals represent the target human population for neuromodulation, i.e., severely dependent drug abusers who have failed all other medical options. It is believed that the increased medial PFC-Acb D 1R MSN glutamatergic tone that occurs in chronic psychostimulant administration is a generalized response to exposure that occurs in most animals during early or late withdrawal. 14 This contrasts sharply with the increased medial PFC-Acb D 2R glutamatergic tone that occurs only in animals with a low motivation and compulsion for drug. 5 While the D 1R
MSN pathway may be involved in the rewarding, or hedonic, aspects of drug abuse, the D 2R MSN pathway may be involved in the regulation of compulsive drug using/ seeking. This "control" function of the indirect Abc pathway is supported by studies demonstrating its involvement in motivated drug self-administration 5 and other unrestrained behaviors such as binge eating. 25 A more selective stimulation protocol that could potentiate the D 2R MSN pathway during ongoing drug use may increase control over drug compulsions and even be protective against the progression to addiction.
Much further work needs to be performed prior to translating these findings into actionable human therapy. The best region of the brain to stimulate for drug dependence remains to be determined; in fact, the best region of the Acb/ventral striatum remains unclear, with a recent paper suggesting that the lateral shell, not the traditional medioventral shell, 13 may have the greatest VTA rewardrelated connections. 4 The type of neuromodulation and the duration, parameters, and conditions of therapy are not well described, although noninvasive modalities are attractive options for the treatment of psychostimulant addiction given the catastrophic social situations that accompany many patients. It remains to be seen whether outpatient therapies such as TMS or transcranial direct current stimulation could be used as independent treatment strategies or simply as screening tools to better identify potential DBS responders.
Conclusions
This study demonstrates that it is feasible to alter methamphetamine intake and relapse using noncontinuous neuromodulation that is delivered at a different time and in a different environment than that of drug use. These effects did not alter the acute self-administration of food. Our findings have positive implications that noncontinuous electrical therapies delivered repeatedly in a sober environment could alter addiction behaviors in both the short and long term.
